Shallow groundwater containing toxic concentrations of arsenic is the primary source of drinking water for millions of households in rural West Bengal, India. Often, this water also contains unpleasant levels of iron and non-negligible fecal contamination. Alternatives to shallow groundwater are increasingly available, including government-built deep tubewells, water purchased from independent providers, municipal piped water, and household filters. We conducted a survey of 501 households in Murshidabad district in 2014 to explore what influenced the use of available alternatives. Socioeconomic status and the perceived likelihood of gastrointestinal (GI) illness (which was associated with dissatisfaction with iron in groundwater) were the primary determinants of the use of alternatives. Arsenic knowledge was limited. The choice amongst alternatives was influenced by economic, social, and aesthetic factors, but not by health risk perceptions. The use of purchased water was rarely exclusive and was strongly associated with socioeconomic status, suggesting that this form of market-based water provision does not ensure universal access. Demand for purchased water appeared to decrease significantly shortly after free piped water became available at public taps. Our results suggest that arsenic mitigation interventions that also address co-occurring water problems (iron, GI illness) could be more effective than a focus on arsenic alone.
INTRODUCTION
In rural West Bengal, India, groundwater tubewells supply drinking water to 80% of 13.8 million households (Census of India ). Tubewell coverage is dense and yields are adequate, but the quality of shallow groundwater (typically 15-60 m deep) is poor. Toxic levels of naturally-occurring arsenic put an estimated 9.5 million people at risk of skin lesions, impaired cognitive functions, cardiovascular and lung diseases, cancers, and premature death (Chakraborti et al. ; Ravenscroft et al. ) . In addition, high levels of iron alter the color and taste of water (Das ) , and may be associated with gastrointestinal (GI) disorders (Shirk et al. ) . Finally, high rates of open defecation (51%) (Census of India ) and the close proximity of latrines to tubewells, which are not always adequately sealed, lead to fecal contamination of shallow groundwater (e.g. publicly provided deep tubewells and piped water), household water treatment (with local filters), and purchased water from small-scale independent providers (SSIPs, predominantly informal). Deep tubewells have lower levels of iron and microbial contamination than shallow tubewells, and can also be arsenic-safe if sufficiently deep (typically With very few exceptions (e.g. the study by Tobias & Berg in Vietnam () ), studies on the uptake of arsenicsafe alternatives have not assessed the role played by cooccurring water problems, such as iron and GI illness, on household decisions to change their water source. A better understanding of households' drivers for selecting water sources when several contaminants co-occur can help inform arsenic-mitigation strategies and contribute to the literature on the respective roles of information and perceptions in shaping water practices. Our particular focus is on perceptions of quality, therefore 'alternatives' include all available water sources perceived by households to be of better quality than shallow tubewells.
Our study also investigates the potential for drinking water provision through SSIPs, a canonical case of water as a business. SSIPs are prevalent worldwide in areas where formal public water provision is insufficient (Kariuki & Schwartz ) . Their critical role in filling a service gap for the poor and their ability to tailor services to low-income customers has been recognized (Kjellén & Two questions motivated this study: (1) What alternatives to shallow groundwater are currently used in rural West Bengal, and to what extent? (2) What factors determine the use of these alternatives overall, and of each alternative in particular? Of the available alternatives, we explored the demand for, and use of, purchased water in greater detail. If, in the future, the sale of safe water through regulated SSIPs becomes a significant mitigation strategy, it would be useful to understand the potential and limits of this market-driven approach.
To answer these questions, we conducted a systematic survey of 501 households in the severely arsenic-affected and relatively low-income district of Murshidabad, in the fall of 2014. We documented the water sources used by households for drinking in two distinct areas, with and without access to piped water (n ¼ 409 and 92, respectively), and used multivariate regressions to investigate the determinants of the use of different alternatives. We note that this was an exploratory study, meant to generate rather than to test hypotheses. It shows the complexity of household water decisions in rural West Bengal where arsenic co-occurs with other contaminants, and analyzes the competition amongst different alternatives to shallow tubewell water. Our results can be useful for the design of arsenic mitigation interventions in the Bengal Basin, and possibly other similar regions.
METHODS

Selection of field site
Murshidabad district has a population of 7.1 million, predominantly Muslim (66%) and rural (80%) (Census of India ). It is one of the poorest and most severely arsenicaffected districts in the state (Chakraborti et al. ) ,
where arsenic mitigation efforts of recent decades have largely failed (Das et al. ) .
We selected our study areas based on three criteria: (1) the extent of arsenic contamination, defined as the fraction of wells tested by the West Bengal Public Health Engineering Department (WBPHED) exceeding 50 μg/L of arsenic (WBPHED ) (the World Health Organization (WHO) maximum contaminant limit (MCL) is 10 μg/L (WHO )), (2) the population size, and (3) the availability of alternatives to shallow groundwater. These criteria led to two distinct areas within Berhampore block, with 2,945 and 1,370 households, respectively. Both are classified as 'rural' by the Census of India although they are close to Berhampore city (population of 195,000 in 2011) (section 1, Supplementary Information (SI), available with the online version of this paper). The demographic and socioeconomic characteristics of Areas 1 and 2 (SI, Table S1) indicate that they are broadly representative of rural West Bengal.
Tubewells are the main source of water for over 99% of Area 2 (10 to 220 μg/L, n ¼ 9) (NRDWP ). Our own measurements in Area 1 showed even higher levels (30-300 μg/L; section 2, SI). Iron concentrations in tubewell water were also high, as we regularly observed from water discoloration, and as confirmed by NRDWP measurements of 0.4-5.0 mg/L (NRDWP ) (the WHO MCL is 0.3 mg/L).
In addition, high rates of open defecation (41% and 60% respectively, Table S1 ) increased the risk of fecal contamination of groundwater.
Area 1 had three alternatives to shallow groundwater: government-provided deep tubewells, purchased water, and household filters. Purchased water was mainly sourced from a 'mini-plant' operated by an informal entrepreneur (SI, Figure S1 ). Water packaged in 20-litre plastic containers was delivered to households for INR 20-30 (INR 61 ¼ USD 1 in 2014). Filters varied widely in type and price (INR 100-14,000), from self-made sand-based filters to off-the-shelf ceramic or activated-alumina filters (SI, Figure S2 ). Area 2 also offered three alternatives to shallow groundwater: filters, purchased water, and piped water. Piped water had become available 1-18 months prior to our survey and was supplied for free at seven public taps reportedly built by community members (∼6 hours/day).
Data collection
Because this study was exploratory, our sample size, 501, was determined by logistical constraints rather than by power calculations. The proportion of the study population allocated to each area was determined by the diversity in water practices that we observed: we surveyed only 92 households in Area 2 where almost all households used the same drinking water source, but 409 households in Area 1 where water consumption practices were more diverse. Socioeconomic and demographic characteristics of surveyed households are presented in Table 1 and compared to Census data in Table S1 and section 3 of the SI.
In each area, we systematically sampled every fourth household, starting from the beginning of each street. If household members were unavailable or unwilling to be interviewed, the next house was selected. We sought gender balance in order to capture gender specificity in responses, if any; 52.7% of respondents were female. At the end of each sampling day, the team checked the new datasets for quality and completeness.
Outcome variable and conceptual framework for analyzing household choices
Our binary outcome was the regular use, for drinking, of alternatives to untreated shallow groundwater. An 'alternative' was any water source that (1) was not a private tubewell (the default source) and (2) was perceived by (at least some) households to be of better quality than private tubewells. Alternatives included government tubewells, household filters, purchased water, and municipal piped water. Government tubewells were not counted as alternatives for the 45 households that did not have access to a private tubewell. We did not test the water quality of these available alternatives. However, our observations of the technologies used in the mini-plant and in the available filters suggested that most alternatives were not optimized for arsenic removal. Surveyed households displayed five levels of adoption in the use of alternatives for drinking: (1) no use; (2) occasional use (for celebrations, visitors, or when a household member was sick); (3) regular use by only some members (while others used private tubewells); (4) regular use by all members, but concurrent with private tubewells; and (5) exclusive use. In our statistical analyses, we aggregated levels of adoption 3, 4, and 5 (all corresponding to regular use) and termed this 'use', while levels 1 and 2 were aggregated and defined as 'no use'.
Our conceptual framework for analyzing household choices of drinking water source is presented in Figure 1 . whether the household knew no/few/many people purchasing water, and whether some of these were friends or relatives. We assessed proxies for risk perception for the three groundwater problems: arsenic, iron, and GI illness.
For arsenic, given the low level of awareness in the study population (see Results), we could only evaluate factual knowledge (about visibility, health effects, and treatment methods); we gave each household a score of À4 to þ4
based on how many of four questions they correctly answered. Iron, which is visible at high concentrations,
was often used by respondents as an indication of 'bad'
water and blamed for 'gastric' problems; therefore, we included a variable for expressed dissatisfaction with iron.
For GI illness, we assessed perceived likelihood and perceived severity; we dropped the latter for data quality reasons (SI, Table S2 ). We used perceived agency as a proxy for aspirations; following Bernard et al. () we Figure 1 | Conceptual framework and list of variables used in our investigation of the determinants of household drinking water practices. The variables indicated in grey were excluded from our quantitative analyses because of poor data quality or difficulties in measuring them (details are presented in the SI, Table S2 , available with the online version of this paper).
defined this as the perceived predominance of personal effort over chance or fate to succeed in life. Prior exposure to purchased water was approximated as prior or ongoing residence of one household member in an urban area (where bottled water is common). Perceived aesthetics of purchased and piped water combined evaluations of their taste, color, and smell; perceived safety of an alternative was a proxy for trust (in that alternative); and perceived convenience reflected the time and effort required to collect (or treat) water. We document the detailed rationales and derivations for each variable in the SI, section 4.
After piloting the survey questions in our study communities, we chose scoring systems (binary or higher resolution) based on the gradations that made intuitive sense to, or could be easily understood by, respondents.
Details of the variables that we excluded from our final list on account of poor data quality or difficulty in measuring them are presented in the SI, Table S2 . All variables were normalized to avoid overweighting variables with high resolution (e.g. socioeconomic status) compared to binary variables (e.g. participation in a women's group).
Statistical analysis
We first used PCA to examine correlations among the independent variables listed in the framework in Figure 1 . We then investigated correlations between the independent and outcome variables using both univariate and multivariate logistic regressions. In a logistic model, the probability of a binary outcome p for household i is defined by the following equation:
where β 0 is the intercept, β j are the regression coefficients, EV j are the independent variables, and K is the number of independent variables included in the regression. In our models, the outcome was successively defined as the use of any alternative, and then of purchased water, filters, government-built tubewells, and piped water individually (versus the use of no alternative to shallow groundwater).
Regressions for the use of any alternative and of purchased water were also conducted on two socioeconomic subsets (below and above median socioeconomic status). All statistical analyses were conducted using R (version 3.2.0).
Ethics
Our study protocol was approved by the Committee for the 
RESULTS
Description of households and water practices
Study households had >4 members on average (4.1 and 4.3 in Areas 1 and 2, respectively) with 1.5 children (Table 1) . The primary income source was agriculture in Area 1 where 59% of households owned land, and daily labor in Area 2
where only 21% owned agricultural land (Table 1) . Seventeen percent of households received remittances from members working in Indian cities or in the Gulf countries (Table 1) .
Over 80% of households had a metered electricity connection and over 90% had a private tubewell (Table 1) . Water was cited as a primary concern by 35% of all study households, after poverty, health, and food (Table 1) . Study households in Area 2 had lower socioeconomic indicators than in Area 1 (Table S1) , consistent with lower land ownership and higher prevalence of insecure daily labor. Figure 2(a) ). In Area 2, where piped water was available, it was used by 78% of households and the proportion of households using no alternative was only 17% (Figure 2(b) ).
Before the installation of piped water (18 months prior to our study), drinking water practices in Area 2 resembled that of Area 1. Specifically, the use of purchased water dropped substantially (from 24% to 7% of households) after public taps were installed (Figure 2(b) ). untreated tubewell water (28%), or for only some household members (who had poor health or who did not dislike its taste: 27%) (Figure 2(c) ). Exclusive use was similar for government-built tubewells (31%) but significantly higher for filters (83%) and piped water (72%) (Figure 2(c) and 2(d) ).
Filters and piped water were also frequently used for cooking (by 65% and 61% of users, respectively), in contrast with purchased water (3%) and government tubewells (22%).
Independent variables
Principal component analysis indicated a strong positive correlation between socioeconomic status and arsenic knowledge in both study areas, as well as between the perceived likelihood of GI illness and dissatisfaction with iron (SI, Figure S3 ). The two latter variables were also associated with higher perceived safety of alternativespurchased water in Area 1, and piped water in Area 2, and with the use of purchased water by peers in Area 1 ( Figure S3 ). The perceived likelihood of GI illness and dissatisfaction with iron were not strongly correlated with socioeconomic status ( Figure S3 ).
The level of arsenic awareness was low: 69% of respondents in Area 1 and 84% in Area 2 had no knowledge of the contaminant. Only 21% in Area 1 and 5% in Area 2 correctly answered all four questions assessing (basic) knowledge about arsenic. Arsenic knowledge was significantly higher for male respondents (þ0.5, p < 0.001). In contrast, the level of awareness and dissatisfaction with respect to more tangible water contaminants was high: 94% of households spontaneously complained about iron, and 58% about GI illness resulting from drinking tubewell water (only 11% complained about arsenic). We observed a widespread belief that iron causes GI illness (specifically, 'gas'), consistent with the correlations mentioned earlier ( Figure S3 ). The perceived likelihood of GI illness and dissatisfaction with iron were not correlated with gender. drinking, purchased water, household filters, government tubewells, and piped water were used for cooking by 3%, 65%, 22%, and 61% of users, respectively. Alternatives were rarely used for cleaning, bathing, and washing (6% of users of alternatives overall). Table S3 (SI).
Determinants of the use of alternatives
In Area 1, the use of alternatives was primarily associated with socioeconomic status and with the perceived likelihood of GI illness, followed by dissatisfaction with iron ( (Table S3 , column 5). The use of filters was also associated with dissatisfaction with iron ( Table 2, column 3), while the use of government tubewells was negatively correlated with household size, possibly reflecting the difficulty of carrying large volumes of water over long distances ( Table 2 , column 4).
Arsenic knowledge was not a determinant of the use of alternatives in multivariate regressions (Table 2 and Perceived agency Statistical significance is indicated as follows: W p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001. Table S3 ). In Area 1, 36% of households with no arsenic knowledge used an alternative; for this subset, the associated drivers were socioeconomic status and the perceived likelihood of GI illness (data not shown). For the households with some arsenic knowledge, the perceived likelihood of GI illness was not associated with using alternatives (but socioeconomic status, peer behavior, and doctor's advice were; data not shown).
In Area 2, the use of piped water was associated with socioeconomic status, perceived aesthetics and perceived convenience ( , Table S4 ).
In Area 1, among those who used alternatives to shallow groundwater, we analyzed the factors favoring the choice of one alternative over another ( Table 2, 
Use of purchased water
To investigate the use of purchased water in more detail, we analyzed the independent variables associated with the quantity purchased (Table 3) and with the level of use (SI, Figure S4 ) in Area 1. Socioeconomic status was the only significant determinant of the volume of water purchased per person ( Table 3 , column 1), suggesting that price (20-30 INR per 20 L, or 0.3-0.5 USD) is a barrier to more widespread use. Consistent with this finding, 20% of nonpurchasers reported that they would start purchasing if the price was five times lower. We note that at INR 20 for 20 L, providing 2 L of water per person per day for the average household (four members) costs ∼280 INR per month, which is higher than, but comparable to, monthly household expenditures for phone credit, soap/cosmetics, or cigarettes (Table 1) . Qualitative comparisons between exclusive (level 5) and non-exclusive (levels 2-4) users suggested that, in addition to socioeconomic status, perceived aesthetics, peer behavior, exposure to purchased water, the perceived likelihood of GI illness, and dissatisfaction with iron may foster a more consistent use of purchased water ( Figure S4 ).
Finally, we found that 12% of study households in Area 1 had purchased water in the past but had since stopped. (2) This behavior was associated with ownership of a filter, lower perceived likelihood of GI illness, less advice from their doctor, and lower preference for the taste/smell of purchased water (perceived aesthetics) ( Table 3 , column 2).
DISCUSSION
Use of alternatives to shallow groundwater in rural
West Bengal
The limited proportion of households using alternatives in our study areas (52.9% overall) was consistent with older results in arsenic-affected Bangladesh, where only 62.1% of 1,268 households were found to use alternatives to shallow tubewells (Inauen et al. ) . We found that socioeconomic status predicted the use of most alternatives, both paying (filters, purchased water) and free (piped water), which indicates asymmetries in both the desire and ability to pay for safer water. Therefore, to encourage people to switch from arsenic-contaminated groundwater to safer optionswhere these existbehavior change strategies that specifically target the poorest households may be needed.
Socioeconomic status aside, we found that the perceived likelihood of GI illness was the primary determinant for using alternatives to untreated groundwater (Area 1 Bengal, the use of alternatives to shallow tubewells appears to reflect a high demand for iron-free and 'gas'-free water, more than a demand for arsenic-free water. This finding has implications for the design of arsenic-mitigation interventions since it can help understand how households choose among different water sources and treatment processes. In particular, arsenic mitigation strategies that also raise awareness about, and address, co-occurring water problems, such as iron and GI illness, could be more effective than a focus on arsenic alone. This finding also has implications for targeting the content of arsenic awareness campaigns: microbial pathogens and iron do not always and if the full costs of water treatment and distribution cannot be substantially reduced with technology innovation, subsidies will be needed in the interest of public health.
Second, purchased water is used less regularly than other alternatives such as filtered water and piped water, and virtually never used for cooking ( Figure 2) ; therefore, at least at current prices and levels of arsenic awareness, it 
Limitations
Our study had several limitations. First, we did not test the water quality of the various sources because we wanted to understand household water practices through the lens of people's perceptions. However, the safety of different alternatives should be rigorously tested before scaling them up as arsenic mitigation strategies. Second, in Area 2, piped water had only been available for 18 months or less, and water practices prevalent at the time of the survey may change in the long term. Third, in a number of our regressions (columns 4 and 6-8 in Table 2 ), the sample size may have been small relative to the number of independent variables (13 or 14), which could have biased the effect sizes and significance levels. Fourth, our study was exploratory, as opposed to hypothesis-testing. Although this approach allowed us to gain valuable insights into the determinants of seeking alternatives to shallow groundwater and the limits of water provision through SSIPs in rural West Bengal, it cannot provide evidence for the effectiveness of specific interventions. Fifth, several variables either could not be thoroughly assessed or had to be excluded from our analysis for data quality reasons. Finally, the level of knowledge of arsenic and its characteristics was low in our study communities, and it is possible that, with more knowledge, perceptions and preferences would be different. In particular, our study areas may not be representative of villages with higher prevalence of visible arsenicosis symptoms (see Rahman ), where arsenic risk perception may be a more important driver for the use of alternatives. We also note that we did not assess knowledge about the intensity of arsenic toxicity or about its cumulative nature.
CONCLUSIONS
In this exploratory study, we investigated household drinking water practices in arsenic-affected Murshidabad in West Bengal, India. We found that despite low arsenic awareness, a substantial fraction of households (52.9% overall) used alternatives to shallow groundwater, including purchased water from SSIPs, household filters, government-built deep tubewells, and piped water. We found that the perceived likelihood of GI illness (correlated with dissatisfaction with iron) was a major predictor of the use of alternatives, in contrast to arsenic knowledge (which was limited). Understanding the current perceptions and priorities of households is important to design effective mitigation strategies and effective arsenic awareness campaigns. For example, arsenic mitigation interventions that also raise awareness about, and address, co-occurring water problems could be more effective than a focus on arsenic alone. Finally, our results show that small-scale private water providers can be financially sustainable and therefore, if their water is arsenic-safe, can contribute to mitigating exposure to contaminated groundwater. However, we found that exclusive use of purchased water was rare and strongly influenced by socioeconomic status, with a large proportion of users concurrently drinking untreated tubewell water. Therefore, without targeted subsidies, this form of private sector participation is unlikely to provide universal access.
